The internal rotation of formamide with 0-5 water molecules oriented along the N-C bond has been studied by the full ab initio self-consistent field theory and using the effective fragment (EFP) method. For each case, the EFP geometries, harmonic vibrational frequencies, rotational barriers, and intrinsic reaction coordinates for the internal rotation are found to be in excellent agreement with their ab initio counterparts. The global energy minimum structures for four and five water complexes are predicted to be formamide bonded to two adjacent waters, with all water molecules in a ring. Probably due to the structural constraints, the complexes containing less than four waters have cyclic structures with the two ends of formamide connected by a sequence of water molecules. The internal rotation barrier of formamide-water complexes increases from 15.3 kcal/mol with no water to 19.0 kcal/mol with four waters and seems to saturate at four to five waters. When electron correlation corrections are added, the estimated internal rotation barrier is ∼20 kcal/mol, in very good agreement with experimental measurements.
The effective fragment model for solvation: Internal rotation in formamide
The internal rotation of formamide with 0-5 water molecules oriented along the N-C bond has been studied by the full ab initio self-consistent field theory and using the effective fragment ͑EFP͒ method. For each case, the EFP geometries, harmonic vibrational frequencies, rotational barriers, and intrinsic reaction coordinates for the internal rotation are found to be in excellent agreement with their ab initio counterparts. The global energy minimum structures for four and five water complexes are predicted to be formamide bonded to two adjacent waters, with all water molecules in a ring. Probably due to the structural constraints, the complexes containing less than four waters have cyclic structures with the two ends of formamide connected by a sequence of water molecules. The internal rotation barrier of formamide-water complexes increases from 15.3 kcal/mol with no water to 19.0 kcal/mol with four waters and seems to saturate at four to five waters. When electron correlation corrections are added, the estimated internal rotation barrier is ϳ20 kcal/mol, in very good agreement with experimental measurements. © 1996 American Institute of Physics.
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I. INTRODUCTION
The development of methods for treating solvation effects is an area of increasing activity. Most of these methods are based on continuum models, 1 but several of the more recent methods include discreet solvent molecules. 2 Both of these approaches are important. Discreet methods permit the incorporation of individual interactions between solute ͑broadly defined͒ and solvent molecules, as well as solventsolvent interactions. Cleverly designed algorithms [2] [3] [4] facilitate the efficient determination of the arrangements of the solvent molecules and the ability to investigate solvation effects in excited states. Even with very efficient algorithms, however, it is difficult to include a sufficient number of discreet solvent molecules to realistically simulate bulk behavior. Ultimately, one would like to interface a discreet solvation model with a continuum method, in order to provide a broad consistent picture of solvation chemistry and dynamics.
2͑a͒,2͑e͒,2͑f͒,2͑h͒
As a first step in such an endeavor, we have recently introduced the ''effective fragment potential'' ͑EFP͒ method for treating discreet solvent effects. 5, 6 This model starts from the ab initio Hamiltonian for the solute, which might be a simple molecule, or a reacting group of molecules, plus some ͑presumably small͒ number of solvent molecules. The remaining solvent molecules are then treated by adding their effects as one electron terms in the ab initio Hamiltonian. At present, the model has been developed at the Hartree-Fock level of theory. So, these one-electron terms represent the three types of interactions that one expects at this level of theory: Electrostatic, polarization, and exchange repulsion/ charge transfer. Subsequent extensions of the model, already under development, will include correlation in the ab initio part of the treatment, and therefore, higher order solvent effects ͑e.g., dispersion, exchange dispersion͒.
In the present paper, following a summary of the solvation model and the computational methods in Sec. II, we illustrate the accuracy of the method by applying it to an analysis of the internal rotation of formamide in the presence of 0-4 water molecules in Sec. III. All calculations have been performed using fully ab initio methods, and then by systematically replacing ab initio water molecules by EFP water molecules. Conclusions are presented in Sec. IV.
II. THEORY AND COMPUTATIONAL METHODS
A. The effective fragment method
As noted above, the effective fragment model treats each solvent molecule explicitly, by adding one-electron terms directly to the ab initio Hamiltonian,
where H AR is the ab initio Hamiltonian that describes the ''action region'' ͑AR͒ of the system. The three one-electron terms in V, representing the potential due to the solvent ͑fragment͒ molecules, correspond to electrostatic, polarization, and exchange repulsion/charge transfer interactions. For the th solvent molecule, the effective fragment interaction Hamiltonian with an electron in the AR is given by
where s represents the electronic coordinates. The three terms on the right-hand side ͑RHS͒ of Eq. ͑2͒ represent the electrostatic, polarization, and exchange potential/charge transfer interactions, respectively. Similar terms are added to represent the interactions between nuclei in the AR and solvent molecules, as well as solvent-solvent interactions. Of course, there are no exchange repulsion/charge transfer terms in the nuclear-solvent interaction. The solute ͑including the desired number of solvent molecules͒ is explicitly treated with the ab initio wave function of choice, while the remainder may be represented by effective fragments. An accurate, relatively compact, representation of the electrostatic potential in the important interaction regions is achieved using a distributed multipolar analysis 7 ͑DMA͒ of the spectator charge distributions. K in the first term of Eq. ͑2͒ is the number of expansion points. In the present implementation, each nuclear center and each bond midpoint is chosen to be an expansion point, ͑e.g., five expansion points for a water molecule͒, and the expansion is extended through octupoles,
where q, , ⌰, and ⍀ are the charge, dipole, quadrupole, and octupole, respectively, and F a , F ab , and F abc are the solute electric field, field gradient, and field hessian. Since the expression in Eq. ͑3͒ is a point charge model, it must be modified to account for overlapping electron densities as the molecules ͑fragment and solute or fragment and fragment͒ approach each other. This is accomplished by multiplying the expression in Eq. ͑3͒ by a distance-dependent cutoff function,
The polarization of the spectator molecules by the electric field of the active ͑ab initio͒ molecules ͓second term in Eq. ͑2͔͒ is treated by a self-consistent perturbation model 8 employing bond and lone pair localized orbital dipole polarizabilities ␣ ab l extracted from finite-field perturbed HartreeFock calculations on isolated spectator ͑fragment͒ molecules and centered at the centroids of the L localized valence orbitals ͑Lϭ4 for water͒
Here, F is the field due to the ab initio part of the system, while ␣ xy l is a component of the polarizability of the fragment molecule. 9 The exchange-repulsion/charge transfer interaction between the active and spectator molecules is modeled by oneelectron terms in the ab initio Hamiltonian that have the form of simple Gaussian functions located at the spectator atom centers ͑Jϭ3 for water͒
͑6͒
The Gaussian functions are optimized by a fitting procedure. Ab initio calculations are performed on some number of points ͑e.g., 192 for water dimer to represent water as the solvent͒. The ab initio exchange repulsion/charge transfer potential is obtained by subtracting the sum of electrostatic plus polarization energies from the total potential to obtain the term E rem (ab) . Then, V m Rep is fitted to E rem
where w p is a weighting factor that has been set to unity in the fitting process for water. ⌿ is the wave function of AR and M is 2. The fragment-fragment interactions are treated in a similar manner, except that exponential, rather than Gaussian functions are used to represent the exchangerepulsion/charge transfer interaction. A schematic of the water dimer orientations used to fit the repulsive potential is given in Fig. 1 . The number in parentheses by each orientation represents the number of O-O distances ͑ranging from 2 to 5 Å͒ used for that orientation. For the fragment-solute interaction, a subset of 26 structures were used in the fit, while all 192 points were used to fit the fragment-fragment interaction. The quality of the fit may be assessed by reference to Table I . For low energy structures ͑interaction energies Ͻ1.0 kcal/mol͒, the rms error is less than 0.5 kcal/mol for the solute-fragment interaction and less than 0.2 kcal/mol for the fragment-fragment interaction. The agreement tends to deteriorate as the dimer structures move up the repulsive wall. These latter structures were not included in the solute-fragment fit, and they are unlikely to be important in most chemistry of interest.
The necessary equations have been derived 6 and coded for the analytic gradients of the entire ͑ab initioϩfragments͒ system. The availability of analytic gradients means that one can also perform vibrational analyses using finite differences of these gradients. So, one can determine the manner in which geometries and energetics of minima, transition states, and reaction paths ͑and therefore, the reaction dynamics͒ are modified by the presence of the solvent. The entire code described here has been added to the electronic structure code GAMESS.
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B. Geometry optimizations
The searches for the minimum energy structures ͑MIN͒ and the transition states ͑TS͒ for the internal rotation of the amino group in the formamide-water complexes were carried out in the laboratory-fixed Cartesian coordinate frame ͑lab frame͒. The potential energy surface in the lab frame for the system containing the EFP's can be expressed as a Taylor expansion,
where x are the Cartesian coordinates for the atoms in the action, or ab initio, region ͑AR͒, Q are the Cartesian coordinates for the effective fragment potentials ͑EFP's͒ in the fragment, or spectator region ͑SR͒, g is the gradient, and H is the Hessian. For the th EFP, Q includes the three Cartesian components (X ,Y ,Z ) for the translations of the center of mass ͑CM͒ and the three Cartesian components ( x , y , z ) for the rotations about the CM. 6 The total number of degrees of freedom for the system is three times the number of atoms in the AR plus six ͑for three translations ϩthree rotations͒ times the number of EFP's in the SR. The gradient of the translational ͑g T ͒ and rotational ͑g R ͒ components of the mth EFP is then
where the index i runs over all expansion centers in the EFP, r i and r are the Cartesian coordinates of center i and the CM, respectively. i is the torque acting on the fragment multipole or induced dipole expansion centers due to the electric fields of the AR and the other EFP's. Two quasi-Newton-based algorithms, the quadratic approximation ͑QA͒ 11 and the eigenvector following ͑EF͒ 12 methods, were used for the geometry searches, with the necessary modifications for including the EFP's ͑rigid rotors͒ in the optimizations, as discussed above. The two methods provide similar efficiency in determining stationary points on the formamide-water potential energy surfaces. Rather than storing the six Cartesian components of each fragment, the Cartesian coordinates of the expansion centers are updated using the following transformations, which are invariant with respect to the lab frame:
where X and are the translational and rotational coordinates, respectively. The rotational matrix R is
1 is a unit matrix and J͑⌬ ͒ is the first order rotation matrix,
The Hessian H is updated by the BFGS 14 and Powell 15 schemes, in the search for minima and transition states, respectively. The six overall translations and rotations are projected out from the Hessian during the optimization, using the projection matrices given in the next subsection. 
The choice of the initial Hessian H 0 can be critical for effective geometry optimizations, especially for large species with small amplitude motions. For small or medium size systems a common practice is to compute the exact initial Hessian from ab initio electron structure theory. However, for large systems or in the absence of an analytic Hessian, computing the exact Hessian may not be practical. Several approaches have been proposed 16, 17 for formulating an initial approximate Hessian. For EFP calculations, the following choice for H 0 is made:
H A is the analytically calculated Hessian for the AR without the EFP, while H T and H R are the Hessians for translational and rotational EFP coordinates, respectively, and are taken to be diagonal
where ␦ is the Kronecker delta. Equation ͑14͒ would also be useful for weakly interacting molecules with constrained internal geometries.
C. Intrinsic reaction coordinate
The intrinsic reaction coordinate ͑IRC͒, according to Fukui, 18 is the steepest descent path from saddle point to minimum in mass-weighted ͑MW͒ Cartesian coordinates. The IRC, q(s), can be expressed in the differential form,
where g M (s) is the gradient at s in MW Cartesian coordinates. Usually, the MW coordinates are obtained by multiplying the mass matrix M by the Cartesian coordinate vector, where M is a diagonal matrix containing the square roots of the nuclear masses. For a system including the EFP's, the mass matrix is expressed as
where M A is the submatrix for atoms in the AR and M T is the submatrix for translational coordinates of the EFP's. Each block of M R , which corresponds to the rotational coordinates of the EFP's, is expressed as
where I contains the moments of inertia of the EFP and is normally not diagonal in the lab frame. If the set of principle axes of each EFP is used as an instantaneous body-fixed frame, Eq. ͑16͒ will become diagonal. If the coordinates are transformed back to the lab frame, a result identical to Eq. ͑10͒ will be obtained. For a linear rotor some special care is needed to obtain M R . The MW gradient and Hessian can then be obtained using the inverse matrix of M.
The Gonzalez-Schlegel second order algorithm 19 was employed to integrate Eq. ͑15͒ to obtain the IRC for the internal rotation of formamide in the presence of 0-4 water molecules. We have extended the existing IRC code in GAMESS to include the EFP part of the system. Since the mass matrix for the EFP's ͑rigid rotors͒ varies during the course of integration, the moments of inertia ͑and thus the mass matrix͒ of the EFP's are evaluated at each structure for which the gradient is calculated. This guarantees that the MW gradient on the IRC is always tangent to the reaction path. The Cartesian coordinates of the expansion centers are updated via the back transformation of the MW displacements to Cartesian displacements and then following the transformation of Eq. ͑10͒.
The translational and rotational components of the Hessian are removed during the constrained optimization, via the projection method,
where the projection matrix P is composed of the six unit vectors corresponding to the translations and infinitesimal rotations of the entire system.
Rot
.
͑19͒
Indexes i and iЈ run over all Natm atoms and 2 Nfrg EFP's, and ␥ and ␥Ј run over Cartesian components (x,y,z). The translational and rotational vectors L are
where M and I 0 are the mass and moments of inertia of the entire system, m i is the mass of the ith atom or the EFP, and I i are the moments of inertia of the EFP's. ⑀ ␣,␤,␥ is the usual totally asymmetric Cartesian tensor.
D. Ab initio method and basis set
Internal rotation in formamide has been examined using both full ab initio and EFP calculations for the 0-2 water cases, while only EFP calculations were performed for the 3-5 water cases. For the purposes of this study, we chose the modest Dunning-Hay 21 double-zeta plus polarization ͑DZP͒ basis set to carry out the ab initio part of the investigation. This choice is based on a balance between accuracy and computational costs. Jasien et al. 22 and Boggs and Niu 23 have noted that inclusion of polarization functions reduces the formamide internal rotation barrier by a few kcal/mol, while Wang et al. 24 note that adding a second set of polarization functions or extending the double-zeta basis to the triple-zeta level has little effect on the predicted tautomerization barrier of formamide with one water molecule. As discussed below, the present results for internal rotation in formamide and the formamide-water complex are in good agreement with the experimental measurements and the previous computational results obtained with the Dunning correlation-consistent double-zeta plus polarization ͑cc-pVDZ͒ basis sets.
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E. Computational savings
The goal of developing the effective fragment potential model is to carry out calculations that would not be feasible by fully ab initio methods. Table II lists the computational costs of a single energy evaluation and energy plus gradient for formamide-water complexes, using full ab initio calculations and the EFP method. The calculations were carried out on an IBM RS6000/370 workstation, using the conventional SCF algorithm. Both CPU and wall clock requirements of the calculations are listed. Direct SCF calculations for formamide plus four waters were also performed. As expected, the CPU requirement for the direct calculation is larger than the wall clock time for the conventional method ͑3950 vs 3790 s͒. The number of basis functions for formamide is 60. Each water contributes 25 basis functions to the full ab initio calculations. As seen from the table, the time required for an EFP energy calculation behaves linearly with respect to the number of waters, and requires about four more seconds ͑both CPU and wall clock͒ for each additional water. For the energy plus gradient calculations, the CPU requirement of an additional water also increases linearly. The time savings for formamide plus up to four waters are factors of 4.1, 7.5, 10.9, and 13.9, respectively. Since SCF calculations scale as the fourth power of the number of basis functions, the time saving should increase dramatically when more EFP's are included in the calculations. 
III. RESULTS AND DISCUSSION
A. Molecular structures
The geometries for the formamide equilibrium structure and internal rotation transition state are well known. The MIN structure has C 1 symmetry, while the TS has C s symmetry. The SCF/DZP geometry parameters are compared with the previous calculations 24 and experimental measurements 26, 27 in Table III . The differences between SCF/DZP and MP2 28 cc-pVDZ or experimental results are very small, on the order of 0.01 Å for bond lengths and 1°f or bond angles. Adding waters to formamide to form formamide-water complexes has only a very small effect on the internal geometries of both Min and TS, as has been seen in many hydrogen-bonding complexes. 29 The essential features for the corresponding global minimum structures ͑GMIN͒ and transition states connecting with GMIN for the complexes containing 1-5 waters are shown in Fig. 2 . Complete geometries in Cartesian coordinates for all complexes with either full ab initio or EFP waters are available as supplementary material. For the ab initio structures ͑with 1-3 waters͒, geometries are given for both full optimizations and for optimizations in which the internal water geometry has been fixed at that of the isolated water molecule, since EFP waters have fixed internal geometries. Freezing the internal water geometries seems to have only a small effect. In general, the EFP geometries are in reasonable agreement with the ab initio ones, with bond lengths and bond angles within 0.05-0.08 Å and 5°-10°, respectively. The agreement seems to improve as the number of water molecules in the system increases.
As seen in Fig. 2 , the GMIN for the complexes containing up to 3 waters have cyclic structures, with the two ends of the formamide molecule ͑NH at one end and CvO at the other end͒ connected by a linear sequence of n waters. For the formamide: ͑H 2 O͒ n ͑nϭ4, 5͒ complexes, the minimum energy complexes ͑GMIN͒ are somewhat different ͓Figs. 2͑d͒-2͑e͔͒. The water molecules are still on one side of the formamide molecule, but these waters themselves form a cycle, such that only two of the waters are hydrogen bonded to formamide. The formamide complex structures with four The zero-point energies are not scaled. c Data in parentheses are obtained with constrained internal water geometry at the structure of isolated water molecule. or five waters that are analogous to those shown in Figs. 2͑a͒-2͑c͒ for the complexes with 1-3 waters also exist on the potential energy surface, but are 1 kcal/mol higher ͑for both EFP and ab initio waters͒ than the GMIN shown in Figs. 2͑d͒ and 2͑e͒. The same is true for the transition state structures shown below. Since our main intent here is to test the reliability of the effective fragment method, we focus on lowest energy structures.
B. Internal rotation barriers and vibrational frequencies
The essential features of the internal rotation energetics and vibrational frequencies are summarized in Tables IV and   V , respectively. The EFP barrier heights, both in absolute and relative terms, are in excellent agreement with the full ab initio results. Both levels of theory ͑full ab initio and EFP water͒ predict a significant ͑Ͼ2 kcal/mol͒ increase in the barrier height upon the introduction of the first water. This is also in agreement with the previously reported ab initio calculations. 24 Addition of a second water causes a smaller ͑Ϸ1 kcal/mol͒ increase in the barrier height, and addition of the third water results in a very small ͑Ϸ0.2 kcal/mol͒ increase in the barrier. However, addition of the fourth water causes approximately a 1 kcal/mol increase in both the EFP and ab initio barrier height. This relatively large change may be related to the change in geometry noted above, upon go- ing from three to four waters. ͓As noted earlier for four waters there is a geometry that looks like those found for 1-3 waters ͓Figs. 2͑a͒-2͑c͔͒, but the structure is predicted to be higher in energy by both the ab initio and EFP calculations.͔ For five waters, the EFP method predicts a geometry that is very similar to that for the four water case, and the five water barrier is virtually the same as that for four waters. So, it appears that the effect of solvation on the predicted barrier height for formamide is saturated by 4-5 waters.
It is of interest to explore the effect of correlation on the energy results discussed above. This was explored with the DZP basis set by performing both MP2 28 and MP4 29 calculations at the SCF geometries. For formamide itself, the MP2 and MP4 barriers are 16.4 and 15.5 kcal/mol, compared with the SCF value of 15.6 kcal/mol. For the formamide-water complex, the MP2 and MP4 barriers are 19.7 and 18.8 kcal/ mol, compared with the 18.1 kcal/mol SCF barrier height. Similar results are found as additional waters are added: The more reliable MP4 barrier is approximately 1 kcal/mol higher than the SCF and fragment barriers. So, the addition of correlation corrections has only a small effect, and the discussion of the SCF results appears to be quite reasonable. Note that the experimental value for the formamide internal rotation in aqueous solution is 21.3Ϯ1.3 kcal/mol. 31 Based on the information about the effect of electron correlation, it is likely that the SCF and EFP limit will be about 2 kcal/mol too low. Adding the expected MP4 correction of ϳ1 kcal/ mol will bring the calculations into very good agreement with experiment.
Table IV also lists the previous results using the ccpVDZ basis set. 24 The effect of correlation corrections for the barrier heights in formamide and formamide-water complexes is similar for this basis set, although the absolute values are slightly lower.
The label ⌬ZPE in Table V summarizes the difference in zero-point vibrational energies ͑ZPE͒ for the complex, relative to the separated molecules. This provides one measure of the quality of the predicted vibrational frequencies. A second such measure is the rms deviation of the vibrational frequencies, relative to the ab initio frequencies. These rms deviations are also summarized in Table V . Both of these comparisons suggest that the EFP and ab initio results are in excellent agreement. Since average and rms deviations can be misleading, it is worth noting that for the formamide: ͑H 2 O͒ complex, nearly all EFP frequencies are within 30-40 cm Ϫ1 of the corresponding ab initio values, the largest frequency error is 80 cm
Ϫ1
, and the imaginary frequency that corresponds to the internal rotation is 492i cm Ϫ1 ͑ab initio͒ and 496i cm Ϫ1 ͑EFP͒. Similar comments apply to the formamide: ͑H 2 O͒ 2 , formamide: ͑H 2 O͒ 3 and formamide: ͑H 2 O͒ 4 complexes. In particular, the imaginary frequencies are consistently within 4 cm Ϫ1 of their ab initio counterparts. The complete sets of vibrational frequencies are available as supplementary material.
C. Minimum energy paths
The minimum energy paths ͑MEP͒ for the formamide internal rotation are shown in Fig. 3 for formamide: ͑H 2 O͒ n , nϭ0-4. First, note that there is excellent agreement between the EFP and ab initio reaction paths. This is very encouraging, since it suggests that predictions using the EFP method that are related to dynamics are likely to be reliable. An increasing distortion appears ͑in both the EFP and ab initio paths͒ on the product side of the MEP, as the number of water molecules is increased. This may be understood by examining the structures along the MEP for the two water case, shown in Fig. 4 . In the reaction channel, as the formamide molecule begins to rotate, the essential hydrogen bonding interaction is maintained. However, as the transition state is passed and the system enters the product channel, this hydrogen bonding interaction is temporarily lost. This results in a rather flat portion of the path. One expects that this behavior, especially the apparent asymmetry of the MEP, will disappear as the number of water molecules is increased.
IV. CONCLUSIONS
The internal rotation of formamide with 0-5 water molecules oriented along the N-C bond has been studied by the full ab initio self-consistent field theory and using the effective fragment method. For each case, the EFP geometries, harmonic vibrational frequencies, rotational barriers, and intrinsic reaction coordinates for the internal rotation are found to be in excellent agreement with their ab initio counterparts. The global energy minimum structures for four and five water complexes are predicted to be formamide bonded to two adjacent waters, with all water molecules in a ring. Probably due to the structural constraints, the complexes containing less than four waters have cyclic structures with the two ends of formamide connected by a sequence of water molecules.
The internal rotation barrier of formamide-water complexes increases from 15.3 kcal/mol with no water to 19.0 kcal/mol with four waters and seems to saturate at four to five waters. When electron correlation corrections are added, the estimated internal rotation barrier is ϳ20 kcal/mol, in very good agreement with experimental measurements.
The effective fragment model appears to be a powerful tool for the study of chemical reactions in solvation, requir- ing much less computer resources than fully ab initio calculations. 32 
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